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Abstract

The objectives of this study were to determine the effect of tumor necrosis factor alpha (TNF-α) on intestinal epithelial cell 
permeability and the expression of tight junction proteins. Caco-2 cells were plated onto Transwell® microporous filters and 
treated with TNF-α (10 or 100 ng/mL) for 0, 4, 8, 16, or 24 h. The transepithelial electrical resistance and the mucosal-to-serosal 
flux rates of the established paracellular marker Lucifer yellow were measured in filter-grown monolayers of Caco-2 intestinal 
cells. The localization and expression of the tight junction protein occludin were detected by immunofluorescence and West-
ern blot analysis, respectively. SYBR-Green-based real-time PCR was used to measure the expression of occludin mRNA. 
TNF-α treatment produced concentration- and time-dependent decreases in Caco-2 transepithelial resistance and increases in 
transepithelial permeability to the paracellular marker Lucifer yellow. Western blot results indicated that TNF-α decreased the 
expression of phosphorylated occludin in detergent-insoluble fractions but did not affect the expression of non-phosphorylated 
occludin protein. Real-time RT-PCR data showed that TNF-α did not affect the expression of occludin mRNA. Taken together, 
our data demonstrate that TNF-α increases Caco-2 monolayer permeability, decreases occludin protein expression and disturbs 
intercellular junctions. 
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The intestinal mucosal barrier plays an important role in 
the body’s protection against luminal pathogens and antigenic 
molecules. The intestinal barrier includes secreted mucus 
and the epithelial cell itself, which serves as a selective bar-
rier permitting the uptake of nutrients, ions and other desired 
solutes, thus helping to maintain homeostasis of the internal 
environment. Pathological events such as intestinal inflam-
mation, sepsis, burn, end-stage liver diseases, and severe 
pancreatitis cause impairment of the intestinal epithelial 
barrier. Therefore, bacteria and their lysis products, such as 
lipopolysaccharide, gain access to the portal and systemic 
circulations inducing systemic inflammatory response syn-
drome or even multiple organ dysfunction syndrome.

Increased intestinal epithelial barrier permeability is 
caused not only by exogenous factors such as infection 
and ischemia but also by the local immune system. Tumor 

necrosis factor alpha (TNF-α), which is increased in many 
disease states, is a proinflammatory cytokine. Both in vivo 
and in vitro studies (1-5) have demonstrated that TNF-α can 
increase the permeability of the intestinal epithelium and 
that anti-TNF-α antibody can restore the barrier’s function 
(6,7). The precise mechanism by which TNF-α increases 
intestinal permeability is unclear. However, epithelial cell 
apoptosis (3,4,8), protein kinase C, nuclear factor-kappaB, 
myosin light chain kinase, and mitogen-activated protein 
kinase are thought to be involved (9-12).

In intestinal epithelial cells, tight junctions (TJ) are the 
most luminal cell-to-cell junctions. They seal the paracel-
lular space between individual epithelial cells against pas-
sive solute flux. The transmembrane proteins, occludins, 
claudins and zonular occludens proteins, form the TJ. 
Occludin, which was the first identified transmembrane 
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protein of the TJ, is considered to be the major regulatory 
protein of TJs (13-15). Post-translational modifications of 
the occludin protein involve phosphorylation events, and 
multiple phosphorylation sites have been identified on oc-
cludin serine and threonine residues (16). Several proteins 
such as Rho kinase, protein kinase C, protein phosphatase 
2A, and casein kinase 2 may regulate occludin phospho-
rylation (17,18). The phosphorylation state of occludin 
mediates its association with the cell membrane and barrier 
permeability. Sakakibara et al. (19) demonstrated that TJ 
assembly induced by a calcium switch is paralleled by oc-
cludin phosphorylation, and highly phosphorylated occludin 
molecules are selectively concentrated at TJs, while non- or 
less phosphorylated occludin is localized in the cytoplasm. 
It has also been shown that the phosphorylation of occludin 
might regulate TJ permeability in response to histamine and 
lysophosphatidic acid (16).

The findings cited above lead to the conclusion that 
TNF-α can cause elevation of intestinal epithelial perme-
ability, and the phosphorylation state of occludin may 
regulate TJ permeability. However, it is unclear whether 
the elevation of intestinal epithelial permeability induced by 
TNF-α correlates with changes in occludin phosphorylation. 
Therefore, in the present study, we employed Caco-2 cells 
as an in vitro intestinal epithelial model, observing changes 
in barrier permeability, in TJs and in the expression of the 
highly or non-phosphorylated occludin induced by TNF-α 
to characterize the mechanism of the disruption of the 
epithelial barrier in response to TNF-α. 

Material and Methods

Cell culture 
The Caco-2 cell line (passage 23) was obtained from the 

American Type Culture Collection (Manassas, USA), and stock 
cultures were grown in culture medium consisting of DMEM 
(Gibco, USA) with 4.5 mg/mL glucose, 10 g/L non-essential 
amino acids (Gibco), 50 U/mL penicillin, 50 U/mL streptomycin, 
4 mM glutamine, and 20% FBS (20). The culture medium was 
changed every 1 to 2 days. The cells were subcultured by diges-
tion with 0.25% trypsin and 0.9 mM ethylenediamine-tetraacetic 
acid in Ca2+-free and Mg2+-free PBS. For growth on filters, 
Caco-2 cells were plated onto Transwell microporous filters 
(Corning-Costar, USA) and monitored regularly by measuring 
transepithelial electrical resistance (TER). For experimental 
purposes, only Caco-2 cells between passages 24 and 30 
were used. Cells were cultured for about 21 days before treat-
ment. Next, cells were fed serum-free culture medium, and the 
medium was supplemented with the indicated concentration 
of TNF-α (10 or 100 ng/mL; R&D Systems, USA) for various 
times (0, 4, 8, 16, or 24 h).

Determination of Caco-2 intestinal monolayer  
resistance and paracellular permeability

The TER of the filter-grown Caco-2 intestinal monolayers 

was measured with an epithelial voltameter (World Preci-
sion Instruments, USA) as previously described (21). For 
resistance measurements, both the apical and basolateral 
sides of the epithelia were bathed in cell culture medium. 
Electrical resistance was measured until similar values were 

recorded for three consecutive measurements.
The effect of TNF-α on Caco-2 monolayer paracellular 

permeability was determined by using the paracellular 
marker Lucifer yellow (Sigma-Aldrich, USA) as previously 

described (22). DMEM, pH 7.4, was used as the incuba-
tion solution during the experiments. HBSS, pH 7.4, buffer 
solution (100 µL) was added to the apical compartment, 
while 600 µL was added to the basolateral compartment 
to ensure equal hydrostatic pressure, as recommended by 
the manufacturer. Known concentrations of Lucifer yellow, 
the permeability marker (40 μg/L), were added to the apical 
solution. Basolateral samples were taken at 60 min, and 
fluorescence intensity was determined with a fluorescent 
plate reader. The amount of Lucifer yellow transported into 
the basolateral compartment was extrapolated from a stan-
dard curve. The apical-to-basolateral transport of Lucifer 
yellow was reported as the percentage of basolateral Lucifer 
yellow concentration compared with the original Lucifer 
yellow concentration. Low concentrations of permeability 
markers were used to ensure that a negligible osmotic or 
concentration gradient was introduced. All flux studies were 
carried out at 37°C. All experiments were repeated three to 
six times in triplicate to ensure reproducibility. 

Transmission electron microscopy
After dehydration through a graded series of ethanol, the 

membrane-intact Transwell insert was embedded in Araldite 
epoxy resin. Areas selected for ultrastructural observations 
and ultrathin sections (~80 nm in thickness) were cut using a 
diamond knife and stained with saturated uranyl acetate and 
Reynold’s lead citrate. Sections were viewed on a Hitachi 
H7000 transmission electron microscope, and images were 
captured digitally. Ultrastructure observations were made 
from multiple sites (>10) of junctional complexes that were 
clearly identified. Three examiners analyzed at least three 
images from each treatment group in a blind fashion.

Preparation of detergent-soluble and -insoluble  
protein fractions

As previously described (19), Caco-2 cells were washed 
three times with ice-cold PBS, immediately incubated in 
Nonidet P-40 extraction buffer (25 mM HEPES, pH 7.4, 
150 mM NaCl, 4 mM EDTA, 1% Nonidet P-40, 25 mM 
NaF, 1 mM Na3VO4, 10 mM sodium pyrophosphate, and 
protease inhibitors) on ice for 30 min and centrifuged at 
20,000 g for 30 min at 4°C. The detergent-soluble frac-
tion was transferred to a microcentrifuge tube and the 
insoluble fraction was collected in SDS extraction buffer 
(25 mM HEPES, pH 7.4, 4 mM EDTA, 1% SDS, 25 mM 
NaF, 1 mM Na3VO4, and 10 mM sodium pyrophosphate) 
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and sonicated. Supernatants (cytoskeleton-associated 
fractions) were then obtained after centrifugation at 20,000 
g for 30 min. Protein concentrations were measured using 
a Bradford Protein Assay Kit (Santa Cruz Biotechnology, 
USA) according to manufacturer instructions using bovine 
serum albumin as standard. 

Assessment of occludin protein expression by  
Western blot analysis 

Equal amounts of proteins (50 µg) from each sample 
were separated by SDS-PAGE (8% polyacrylamide gel) 
and transferred to Immobilon™ transfer polyvinylidene 
difluoride membranes (Millipore, USA). Blots were blocked 
with 5% nonfat milk and incubated sequentially with a 
rabbit polyclonal occludin antibody (1:1000; Cat. #711500, 
Zymed, USA) and a horseradish peroxidase-conjugated 

secondary antibody (1:2000) (Santa Cruz Biotechnology). 
Antibody binding was detected with ECL plus (Amersham 

Pharmacia Biotech, USA). 

RNA isolation and reverse transcription 
The TRIZOL® reagent (Invitrogen Life Technology, 

USA) was used to homogenize cells and to isolate total 
RNA according to manufacturer instructions. The RNA 
was purified by treatment with DNase I and deprotein-
ated by PI-PCI-ECHO. The concentration of total RNA 
was determined by absorbance at 260/280 nm. Reverse 
transcription was carried out using the SYBR® RT-PCR kit 
(Takara Bio, Japan). From each sample, 500 ng total RNA 
was reverse-transcribed into cDNA in a 10-µL reaction 
containing 5X M-MLV buffer, 250 µM of each dNTP, 100 
µM random hexamer, 10 units of RNase inhibitor, and 50 
units of M-MLV RTase. Reactions were performed at 25°C 
for 10 min, 42°C for 10 min, and 95°C for 2 min.

Quantification of occludin mRNA expression using 
real-time PCR

SYBR-Green-based real-time PCR was used to mea-
sure relative gene expression in each sample. First, we 
constructed the RNA standards for the gene of interest 
(occludin) and for the housekeeping gene (GAPDH). To start 
this process, PCR primers were created. The T7 promoter 
was then added to a 5’-upstream primer, while twenty T’s 
were added to a 3’-downstream primer. For the Caco-2 
sample, the total RNA was reverse-transcribed and ampli-
fied by PCR (Takara Bio). For the RNA standards, the PCR 
products were transcribed in vitro. The RNA was treated 
with DNase I (Takara Bio) and purified by PI-PCI-ECHO. 
Samples were annealed using a gradient and amplified by 
real-time PCR. Then, standard curves were constructed for 
the gene of interest (occludin) and for the housekeeping 
gene (GAPDH).

The reactions for real-time PCR were carried out using 
the Line-gene 3310 real-time PCR detection system and 
the TaKaRa SYBR® RT-PCR kit (Takara). Each real-time 

PCR assay contained 2 µL cDNA template, 12.5 µL SYBR 
Premix Ex Taq, and 0.25 µL of each forward and reverse 
primer (10 µM) in a 25-µL reaction. Primer design for the 
real-time PCR was performed using Primer Express version 
2 from Takara Bio. The primers used in this study were as 
follows: Ocln-F: 5’-AAGAGTTGACAGTCCCATGGCATA 
C-3’, Ocln-R: 5’-ATCCACAGGCGAAGTTAATGGAAG-3’;  
GAPDH-F: 5’-AAATGGTGAAGGTCGGTGTG-3’, GAPDH-R: 
5’-TGAAGGGGTCGTTGATGG-3’).  All runs were performed 
according to the PCR protocol (95°C for 30 min, and 45 
cycles of 95°C for 5 s and 60°C for 20 s. For each sample, 
real-time PCR was performed in triplicate, and the average 
threshold cycle (Ct) was calculated. A standard curve was 
generated to convert the Ct into copy number. Expression 

of occludin mRNA was normalized to GAPDH mRNA ex-
pression. The average copy number of occludin mRNA was 
set to 1.0 in the control samples. The relative expression of 
occludin mRNA in the treated samples was determined as 
a fold increase compared with control samples. 

Statistical analysis
Data are reported as means ± SD. Statistical analysis 

was performed by the Student t-test for unpaired data and by 
one-way ANOVA with the LSD post hoc test for comparison 
with the control. A P value of ≤ 0.05 was used to indicate 
statistical significance. All experiments were repeated a 
minimum of three times to ensure reproducibility. 

Results

Effect of TNF-α on Caco-2 intestinal epithelial TJ 
permeability

In the following studies, the effect of TNF-α on Caco-2 
TJ permeability was determined by measuring TER and 
epithelial permeability to the paracellular marker Lucifer 
yellow. Increasing concentrations of TNF-α (0-100 ng/mL) 
caused a dose-dependent decrease in Caco-2 TER after 
a 24-h period of treatment (Figure 1A). The cell monolayer 
TER decreased from 124.5 ± 0.3 to 36 ± 0.5 Ω/cm2 after 10 
ng/mL TNF-α treatment, and the maximal drop in Caco-2 
TER occurred when the concentration of TNF-α was 100 
ng/mL (28 ± 0.7 Ω/cm2). The time course of the TNF-α (100 
ng/mL) effect on Caco-2 TER is shown in Figure 1B. TNF-α 
did not have a significant effect on Caco-2 TER during the 
first 4 h of treatment (115.5 ± 0.6 vs 128.4 ± 1.0 Ω/cm2). 
There was a sharp time-dependent drop in Caco-2 TER 
between 8 and 24 h (8 h: 65.1 ± 0.8, 16 h: 45.9 ± 0.4, 24 
h: 23.05 ± 1.7 Ω/cm2) and the maximal drop in TER was 
reached by 24 h of TNF-α treatment. 

Conversely, TNF-α (100 ng/mL) caused a dose- and 
time-dependent increase in Caco-2 paracellular permeability 
to Lucifer yellow, and the maximal increase in paracellular 
permeability was also reached by 24 h of treatment with 100 
ng/mL TNF-α (Figure 2). These results indicate that TNF-α 
induced an increase in paracellular permeability.
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Effects of TNF-α on the ultrastructure of TJ
Since epithelial TJs regulate paracellular permeability, 

the ultrastructure of Caco-2 cells, treated as previously 
described, was analyzed by transmission electron micro-
copy (Figure 3). The presence of electron-dense material 
in the space between the cells and near the brush border 
reflected the TJs. In cells lacking TNF-α (Figure 3A), the 
TJ had an intact structure. In cells treated with 100 ng/
mL TNF-α in the medium for 24 h, the TJs were reduced 
and contained less electron-dense material and the space 
between cells was enlarged (Figure 3B). These results 
demonstrate that TNF-α treatment resulted in disruption 
of normal TJ morphology.

TNF-α induces a protein-specific down-regulation of 
occludin protein 

Western blot using an antibody specific for occludin 
demonstrated that both 85- and 65-kDa forms were seen in 
detergent-insoluble protein extracts. However, only the 65-
kDa form was seen in the detergent-soluble fraction. TNF-α 
did not affect the expression of the 65-kDa occludin in either 
detergent-soluble or insoluble fractions. However, it reduced 
the 85-kDa occludin expression in the detergent-insoluble 

fractions (Figure 4). According to Sakakibara et al. (19), 
occludin from Madin-Darby canine kidney cells resolved 
as several bands between 62 and 82 kDa by SDS-PAGE 
analysis. Among these bands, the lower predominant bands 

Figure 1. Effect of tumor necrosis factor alpha (TNF-α) on transepithelial electrical resistance (TER). TNF-α produced a concentration- 
and time-dependent decrease in Caco-2 TER. A, Confluent Caco-2 monolayers were treated with increasing concentrations of TNF-α 
applied to the basolateral compartment and TER was measured after 24 h. Data are reported as mean percent of control ± SD, N = 
3, in triplicate. *P < 0.01 for TER compared with control (one-way ANOVA). B, Confluent Caco-2 monolayers were treated with TNF-α 
(100 ng/mL) and TER was measured at the times indicated. Data are reported as the mean percent of control ± SD, N = 3, in triplicate. 
*P < 0.01 for TER compared with control (one-way ANOVA).

Figure 2. Effect of tumor necrosis factor alpha (TNF-α) on Caco-2 paracellular permeability. The effect of TNF-α on Caco-2 mucosal-to-
serosal flux of the paracellular marker, luminal yellow (LY) was monitored as described in Material and Methods. A, Effect of increasing 
concentrations of TNF-α on Caco-2 transepithelial LY flux. LY flux was measured after 24 h. B, Time-course of the effect of TNF-α (100 
ng/mL) on Caco-2 transepithelial LY flux. TNF-α produced a concentration- and time-dependent increase in Caco-2 transepithelial LY 
flux. *P < 0.05 for LY flux compared to control (one-way ANOVA). 
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Figure 3. Effect of tumor necrosis factor alpha (TNF-α) on the ultrastructure of tight junctions. Caco-2 cells were treated 
with (B) or without (A) 100 ng/mL TNF-α for 24 h. Cells were observed by transmission electron microscopy. The junction 
structures between the adjoining cells are indicated by arrows. TNF-α produced disruption of normal TJ morphology. 
Bars = 200 nM. 

Figure 4. Time-course of the effect of tumor necrosis factor alpha (TNF-α) on the expression of the tight junction protein occludin in 
Caco-2 monolayers. Caco-2 monolayers were treated with TNF-α (100 ng/mL) for increasing times (0-24 h). A, Protein expression 
was determined by Western blot analysis with rabbit anti-occludin antibody as described in Material and Methods. The 85-kDa protein 
was phosphorylated and the 65-kDa protein was less or not at all phosphorylated occludin protein. TNF-α did not cause any changes 
in detergent-soluble (S) occludin protein expression, but it did facilitate a progressive down-regulation in detergent-insoluble (I) oc-
cludin protein expression. B, Densitometric analysis of Western blot. Data are reported as means ± SD. *P < 0.05 for occludin protein 
expression compared to control (one-way ANOVA).
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were essentially extracted with 1% NP-40, whereas the other 
higher Mr bands were selectively recovered in the NP-40-
insoluble fraction. Phosphoamino acid analyses identified 
phosphoserines in the higher Mr bands of occludin, and 
this insolubilization correlated temporally with TJ formation 
detected by immunofluorescence microscopy. Therefore, 
our results indicated that TNF-α reduced the expression of 
the phosphorylated and active occludin protein.

Effect of TNF-α on occludin mRNA expression 
To examine whether the TNF-α-induced decrease in 

occludin protein expression was associated with changes 
in occludin mRNA transcription, the effect of TNF-α on oc-
cludin transcript expression was determined. We set the 
mRNA relative expression of controls as 1; the results from 
the real-time quantitative analyses showed that there were 
no significant differences in occludin expression at different 
concentrations of TNF-α (10 ng/mL TNF-α: 0.97 ± 0.06; 100 
ng/mL TNF-α: 0.95 ± 0.07; P > 0.05). Similar results were 
shown at different times of 100 ng/mL TNF-α (4 h: 1.02 ± 
0.6; 8 h: 1.01 ± 0.4; 16 h: 0.98 ± 0.3; 24 h: 1.03 ± 0.6; P > 
0.05). These findings suggest that TNF-α had no effect on 
occludin mRNA expression.

Discussion

The intestinal barrier is primarily formed by the intestinal 
epithelial cells and the TJs between them. Fluxes through 
the intestinal epithelium mainly proceed through a transcel-
lular route, with specific membrane pumps and channels, 
as well as through a paracellular route controlled by TJs. 
Evidence has shown that cultured epithelial monolayers 
lose the barrier function after exposure to TNF-α (1-4,8-
10,12,23-25). Our study also supports this viewpoint. The 
TER of the Caco-2 monolayers decreased in a dose- and 
time-dependent manner after TNF-α treatment. Further 
studies to detect paracellular permeability using Lucifer 
yellow, which is specifically transported through the para-
cellular space (26), yielded similar TER results. 

There have been many hypotheses regarding the 
mechanism of TNF-α-induced barrier dysfunction, includ-
ing epithelial apoptosis, a nonapoptotic mechanism and 
reduced transcription of TJ proteins (3,4,9-12). However, 
the exact mechanism remains unclear. Claude (27) has 
proven that the number of TJs logarithmically correlates 
with the TER, indicating that TJs play an indispensable 
role in maintaining epithelial barrier function. To confirm 
whether TNF-α increases paracellular permeability by 
disrupting the structure of TJs, we observed the morpho-
logical changes of Caco-2 monolayers caused by TNF-α 
under transmission electron microscopy and found that the 
TJs were incontinuous after exposure to TNF-α (100 ng/
mL) for 24 h. Similar observations have been reported in a 
study of the human intestinal cell line HT-29/B6 (1). These 
phenomena suggest that TNF-α-induced TJ disruption was 

partially related to the elevation of paracellular permeability 
in Caco-2 monolayers. 

A TJ is a macromolecular assembly of proteins that 
circumscribe the apical region of polarized epithelial cells. 
TJs are formed by different kinds of junctional proteins 
including transmembrane proteins such as occludin and 
claudins, junctional adhesion molecules, AF6, 7H6, and 
zonula occludens ZO-1, ZO-2, ZO-3. Occludin was the first 
identified transmembrane protein and is critical in maintain-
ing the function of a TJ barrier. Studies have shown that the 
introduction of occludin into cultured L fibroblasts formed a 
well-developed network of TJ strands along the cell-to-cell 
borders (28). The overexpression of occludin in MDCK cells 
increased the number of TJs and the TER of epithelial cells 
(29,30). In addition, the transfection of Xenopus embryos 
with truncated occludins impaired TJ permeability (31). 
These observations indicate that occludin is a key compo-
nent of TJs, structurally as well as functionally.

Occludins have phosphorylated and nonphosphorylated 
forms. The phosphorylated occludin is active and has been 
demonstrated to be necessary for TJ assembly (32,33). 
Sakakibara et al. (19), using phosphoamino acid analyses, 
showed that phosphorylated occludin protein was selectively 
recovered in the NP-40-insoluble fraction and appeared in 
the higher Mr bands, whereas non-phosphorylated occludin 
protein was predominantly in the NP-40-soluble fraction and 
appeared in the lower Mr bands. Therefore, we prepared 
the NP-40-soluble and NP-40-insoluble protein fractions to 
hybridize with occludin antibody. Our results demonstrated 
that the protein within the NP-40 soluble fraction was 65 
kDa, and its expression was not affected by TNF-α. In the 
NP-40-insoluble fraction, there were two molecular forms 
of the occludin protein, 65 and 85 kDa. Expression of the 
85-kDa occludin protein was down-regulated by TNF-α, and 
a significant decrease occurred 4 h after TNF-α treatment, 
ahead of the increase in paracellular permeability induced 
by TNF-α. These results indicate that TNF-α might change 
the action of the occludin protein to cause the abnormal TJ 
and epithelial barrier.

Regarding the effect of TNF-α on the expression of oc-
cludin, the results from various studies are controversial. 
Most studies showed that TNF-α had no effect on the expres-
sion of the occludin protein (34-36), whereas others found 
that TNF-α or a mixture of cytokines (TNF-α, interferon-γ, 
interleukin-1β) reduced the amount and expression of occlu-
din (30,37,38). In our study, TNF-α changed the expression 
of the special phosphorylated occludin protein in Caco-2 
cells, supporting the conclusion that TNF-α can affect the 
expression of TJ proteins, disrupt the TJs and increase the 
permeability of the intestinal barrier. 

Studies have demonstrated that gene expression in the 
epithelial HT-29/B6 cell line mediated by promoters was 
down-regulated by TNF-α (39), which indicated that the 
expression of occludin was also regulated at the transcrip-
tion level. Thus, we tested the effect of TNF-α on occludin 
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mRNA by real-time PCR, and the results showed that TNF-α, 
regardless of concentration and time, had no effect on the 
level of occludin mRNA. These findings indicate that TNF-α 
modulated occludin in Caco-2 monolayers at the protein 
level rather than at the transcription level.

Our results suggest that TNF-α increased the per-
meability of Caco-2 monolayers by decreasing occludin 
phosphorylation. The change in occludin phosphorylation 

caused the occludin protein to detach from TJs and caused 
TJ disruption.
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